Quantum Solvation of Carbonyl
Sulfide with Helium Atoms High-resolution infrared and microwave spectra of He N -carbonyl sulfide (He N -OCS) clusters with N ranging from 2 to 8 have been detected and unambiguously assigned. The spectra show the formation of a solvation layer beginning with an equatorial "donut" of five helium atoms around the OCS molecule. The cluster moment of inertia increases as a function of N and overshoots the liquid droplet limit for N Ͼ 5, implying that even atoms in the first solvation shell are decoupled from the OCS rotation in helium nanodroplets. To the extent that this is due to superfluidity, the results directly explore the microscopic evolution of a phenomenon that is formally macroscopic in nature.
One of the fundamental goals of cluster research is the interpretation of the properties of condensed phases in terms of those of their constituent atoms and molecules (1) . However, the clusters that can be investigated systematically in detail are limited in size. In the area of superfluidity, the recent development of He nanodroplet isolation spectroscopy (2) helps to close the gap between cluster and bulk studies. It offers possibilities for synthesizing, stabilizing, and characterizing novel chemical species (3) and also constitutes an important step toward detailed microscopic understanding of superfluidity, a collective bulk property.
In an elegant nanomatrix study, the microscopic Andronikashvili experiment, Toennies and co-workers (4) used the appearance of sharp infrared (IR) spectral features of dopant molecules in He nanodroplets (consisting of several thousand He atoms) as an indicator of the onset of the superfluidity. Carbonyl sulfide (OCS) was used as the dopant molecule in 3 He droplets in these experiments. Line widths in the OCS spectrum were monitored as a function of the number of captured 4 He atoms. About 60 4 He atoms, corresponding to roughly two solvation layers of 4 He around OCS, were required to induce sharp gas-phase-like spectral features indicative of nearly free rotation of the molecule. Various models have been advanced to explain the observation (5-7). Explicit simulations (8) show that the decoupling of the solvent from the molecule is associated with the onset of superfluidity (5) .
Can the onset of superfluidity be fully traced using high-resolution spectroscopy in the small to intermediate cluster size regime, and which observables can be used as indicators of superfluidity? Advances in theoretical models and computing power may give answers to the latter question. Simulations provide predictions of observable properties such as frequency shifts and rotational constants, along with nonobservables, such as He density profiles and superfluid character. Gianturco, Whaley, and co-workers (5, 9, 10) performed diffusion Monte Carlo calculations for He N -OCS clusters with N ϭ 1 to 100 and found a sharp energy signature upon completion of the first solvation shell at N Ϸ 20. The CO vibrational frequency saturated at N Ϸ 20 and reached a value in qualitative agreement with nanodroplet experiments (4 ). Simulations also suggest that the rotational constant B (proportional to the inverse moment of inertia) of He N -molecule systems saturates at relatively small N; for example, N ϭ 8 for the SF 6 molecule (5), attaining the limiting nanodroplet value (11) .
An ideal experiment would isolate smallto medium-sized He N -molecule clusters and characterize them sequentially until dramatic changes in spectroscopic observables indicated the onset of superfluidity. He N -OCS is an ideal test system because OCS is a strong chromophore in both the IR and the microwave regions. In addition, the He 1 -OCS complex is well characterized spectroscopically (12, 13) and several high-quality potential energy surfaces (PESs) have been constructed for it (12, 14, 15) .
We have measured and assigned rotationally resolved microwave and IR spectra of He N -OCS clusters with N ϭ 2 to 8 and observed IR spectra of larger clusters with N up to about 20. The experiments were carried out using an IR diode laser spectrometer and a molecular beam Fourier-transform microwave spectrometer, as described previously (16) (17) (18) . Clusters were generated using pulsed supersonic jet expansions of trace amounts (Ͻ0.1%) of OCS in He at backing pressures ranging from 10 to 30 atm. For the larger clusters, the jet nozzles were cooled to temperatures as low as -80°C. Microwave spectra of the singly substituted minor isotopomers were observed in natural abundance, whereas those of doubly substituted isotopomers of OCS were measured using an enriched sample (99% 13 C and 12% 18 O). The yield of specific clusters could be partly controlled by adjusting the sample temperature, pressure, and composition. Unambiguous assignments were ultimately achieved by combining the advantages of IR and microwave spectroscopy. The broadband nature of the IR spectra made it possible to recognize band structures and vibrational shifts, whereas the high resolution and sensitivity of the microwave spectra allowed detection of minor isotopomers and resolution of narrow hyperfine splittings, which were critical for the final spectral assignments. Much lower-resolution vibronic spectra of He clusters in a similar size range have been reported (19) .
Part of the IR spectrum of He N -OCS clusters observed in the region of the C-O stretching vibration of OCS (Ϸ2062 cm
Ϫ1
) with different backing pressures is shown in Fig. 1 . A key result is the shift of the He N -OCS cluster band origins with respect to that of the free OCS molecule (20) . This vibrational shift is plotted in Fig. 2 as a function of cluster size. For N ϭ 1 to 5, the experimental band origins show a positive blue frequency shift with an almost constant increment, which indicates that the first five He atoms occupy positions equivalent to that found in He-OCS (12, 13) . This structure forms a He "donut" around the equator of the OCS molecule until space saturation is reached. With the addition of the sixth, seventh, and eighth He atoms, the shift turns negative and leads toward its ultimate limiting value for He nanodroplets (4). The dependence of the band shift on the position of the He atoms demonstrates the delicate influence of intermolecular interactions on the ground-and excited-state PESs. Also shown in Fig. 2 in red are results of a recent theoretical prediction (9) . This calculation reproduces the overall red shift seen in nanodroplets qualitatively but fails to account for the observed blue shift in the range N ϭ 1 to 5 and the subsequent turnaround toward the red. This may be the result of an inadequate PES used or of approximations in the calculations.
The dependence of the spectra on sample pressure and temperature, together with the regularity of the vibrational shifts (especially for N ϭ 1 to 5), provided the foundation for assigning N in the IR spectra. The low rotational temperatures (Ͻ1 K) in the jet expansion allowed us to follow the IR bands only up to low rotational quantum numbers, J ϭ 3 or 4, and it was therefore important to validate the N and J assignments using microwave transitions. Microwave detection of minor isotopomers can also provide information about the positions of the "solvating" He atoms.
Microwave searches were carried out simultaneously for several isotopomers of the same cluster. Corresponding transitions of different isotopomers were tested for consistent behavior with sample pressure and nozzle temperature. The observation of nuclear quadrupolar hyperfine structure for isotopomers containing 33 S or 17 O (nuclear spin I ϭ 3/2 and 5/2, respectively) helped to make the assignments unique. Links between successive rotational transitions of the same isotopomer were verified using microwavemicrowave double resonance (21) to confirm the presence of a common energy level. In all, rotational transitions of five to seven different isotopomers were measured for each He N -OCS (N ϭ 2 to 8) cluster, with J ranging from 0 to 4.
For the main isotopomers, He N -
C 32 S (N ϭ 2 to 8), the combined IR and microwave data were used to derive spectroscopic parameters (Table 1 ). For N ϭ 2, the spectra are those of an asymmetric top molecule, so A, B, and C rotational constants and centrifugal distortion constants (22) were fitted to K ϭ 0 transitions. Ultimately, a more detailed analysis should be possible (23) . For N ϭ 3 to 5, the spectra could be analyzed as K ϭ 0 transitions using a symmetric top model with rotational parameter B and distortion parameters D J and H J . For N ϭ 6 to 8, we also used a symmetric top model, but it was necessary to vary as many parameters as observed transitions to obtain a good fit. The need for this latter step may be indicative of very nonrigid behavior or slightly asymmetric top structure. The experimental rotational constants B are plotted in Fig. 3 as a (10)] and suggest saturation of the rotational constant at small N values. This prediction is surprising because one does not expect the system to be superfluid in this regime. Rather, one expects moments of inertia to continue to increase (and rotational constants to decrease) as more He atoms are added. The experimental trend shown in Fig. 3 is in agreement with intuition, and the experimental values undershoot the nanodroplet value; i.e., the value in the limit of superfluidity. From Fig. 3 , it is apparent that the rotational constants must increase at a yet to be determined critical N value with the addition of further He atoms. Such an increase in B, corresponding to a decrease in the moment of inertia, cannot be due to structural reorganization, because positions near the inertial axis are already occupied. Rather, the additional He atoms will cause some of the existing He atoms to decouple from the rotational motion of the OCS subunit and decrease the contribution of the first solvation shell to the moment of inertia. In terms of a superfluid model for molecular rotation in the He nanodroplets, this corresponds to participation of He atoms (density) from the first solvation shell in the superfluid He fraction. A theoretical description of the turnaround of the rotational constants has yet to be developed. Such a model will shed further light on the concept of superfluidity in this size regime.
The B rotational constant of He 5 -OCS, where the most favorable positions for the He atoms are fully occupied, is very close to the nanodroplet B value. This result had been predicted in terms of the donut model (25) , where the nanodroplet B value was interpreted in terms of five or six He atoms rigidly attached to the OCS molecule. However, the experimental value of the centrifugal distortion constant D J for He 5 -OCS is several orders of magnitude smaller than the nanodroplet value. In fact, D J for He 5 -OCS is the smallest of all of the clusters reported here, an indication that it is the cluster with the greatest rigidity and stability. This idea is supported by the observed intensities in the spectra, where He 5 -OCS transitions tended to be stronger than expected relative to those for N ϭ 4 and 6. The large nanodroplet value for D J is therefore probably a further consequence of a significant decoupling of He atoms in the first solvation layer from the OCS rotation.
Analysis of the rotational constants of the He N -OCS clusters gave qualitative structural information. A proposed geometry for the He 8 -OCS cluster, based on the isotopic data, is shown in Fig. 4 . The equivalent donut positions of the first five He atoms are confirmed by the relatively constant moment of inertia increment of the normal isotopomers [about 32.1 atomic mass units Å 2 (u Å 2 )] in He N -OCS for N ϭ 3 to 4 and 4 to 5. Larger moment of inertia increments occur for N ϭ 5 to 6, 6 to 7, and 7 to 8 (37.4, 35.7, and 48.8 u Å 2 , respectively), indicating that these atoms occupy positions further away from the b-rotational axis of the cluster. The B constants of multiple isotopomers for the species with N ϭ 6 and 7 indicate that He atoms 6 and 7 settle closer to the O end of OCS. The position of He atom 8 at the S end is consistent with the smaller isotopic data set for N ϭ 8 but is less certain. He atoms 6 and 7 move to the O end of OCS despite the fact that the deeper secondary potential energy minimum in He-OCS is at the S end (12, 14, 15) . This can be rationalized [see also (12) ] to be a consequence of a lower zero-point energy level supported by the shallower but broader well at the O end.
Our results illustrate the possibility of using direct high-resolution spectroscopic measurements of small-and medium-sized clusters (N Ϸ 3 to 20) to "fill the gap" between isolated molecules and the He nanodroplet environment. As such, they explore the microscopic basis of solvation effects and should shed new light on the origin of superfluidity. The observation of rotational moments of inertia for He 6 -OCS, He 7 -OCS, and He 8 -OCS that are distinctly larger than that of OCS in He nanodroplets suggests that even He atoms in the first solvation shell contribute to the superfluid He fraction in the nanodroplets. L. Gerry for the loan of a synthesizer. We also thank the anonymous referees for their suggestions that helped to clarify the manuscript. Growth of an ultrathin lead oxide layer causes massive changes in the shape of lead crystallites. The dynamics of this process was investigated with timelapsed scanning tunneling microscopy. Pure lead crystallites proved extremely resistant to oxidation. Once nucleated by surface impurities, monolayer films of lead oxide grew readily on lead (111) microfacets in an autocatalytic process. The anisotropic growth of orthorhombic lead oxide films (massicot structure) was most rapid along the direction of weakest lead-oxygen bonding, which suggests that the growth edge autocatalyzes oxygen dissociation by providing proximal sites for oxygen dissociation and attachment.
Thin oxide films, formed by direct reaction between metal surfaces and gaseous O 2 , are widely used as catalysts, sensors, dielectrics, and corrosion inhibitors. Studies of the kinetics of oxide growth have shown that once a stable oxide layer forms, the rate of oxidation is limited by field-enhanced transport of ionic species across the oxide film [the Mott-Cabrera model (1)]. Oxide growth thus occurs most rapidly for thinner films but then slows dramatically by transport through thicker films, resulting in a parabolic growth law. Unfortunately, the Mott-Cabrera model omits the initial stage of oxidation, which is crucial for growing uniform ultrathin oxides of current technological interest, and there have been surprisingly few experimental studies of this critical regime. The initial stage is generally assumed to proceed via the formation of a chemisorbed O monolayer, followed by the nucleation, growth, and coalescence of two-dimensional oxide islands. The saturating O monolayer offers a simple, yet often invalid, assumption: Transition metal systems, such as O/Ru(0001) (2) and O/Ag(110) (3), support chemisorption beyond the monolayer via the dissolution of atomic O and the formation of a variety of O species. For example, emergent RuO 2 patches strongly mediate O uptake by increasing the dissociative sticking coefficient of O 2 by up to six orders of magnitude (4, 5) by the adsorption and subsequent dissociation of O 2 on RuO 2 (6) . Simple metal surfaces, in contrast, cannot easily dissociate molecular O 2 (7) , hindering the accumulation of even monolayer quantities. We now report the direct imaging and temporal evolution of PbO films in the nanometer-thickness regime at elevated temperatures. Trace surface impurities are needed to form oxide nuclei on a Pb crystallite surface. Once nucleated, PbO grows autocatalytically in two dimensions. The growth anisotropy of individual PbO grains implicates the dissociation of O 2 as the rate-limiting step. The applicability of this mechanism to other materials systems and technologies is discussed.
Pb crystallites were selected as the model system for these investigations because of the extensive knowledge of the pure crystallite shape derived from scanning electron microscopy (8, 9) , scanning tunneling microscopy (STM) (10, 11) , and first-principles theoretical calculations (12) . Defect-free Pb crystallites can be prepared on a Ru(0001) [or graphite or Cu(001)] support with exposed (111) top facets and (111) and (100) side facets. The rounded crystallite edges display a 3/2 power law (13), indicating that the crystal shape is locally equilibrated. Energetic values for both step and kink formation energies have also been evaluated for this system (10) . Pb crystallites are inert with respect to all chamber residual gases (H 2 , CO, and CO 2 ), and the effects of O 2 are thus easily isolated.
We prepared ϳ1-m Pb crystallites under ultrahigh vacuum (UHV) conditions by the room-temperature deposition of a 20-to 30-nm Pb film onto a clean Ru(0001) substrate and subsequent dewetting at temperature (T) ϳ620 K, or 20 K above the Pb melting temperature, T m (10) . The molten Pb droplets were then cooled at a rate of 0.3 K s Ϫ1 to solidify the droplets into crystallites with few (and in some cases no) imperfections. The crystallites were then typically held at elevated temperatures (T ϳ380 K) for a period of 2 days in order to achieve stable near-equilibrium crystal shapes. We then used variable-temperature (VT) STM to follow the oxidation of these supported Pb crystallites during in situ exposure to oxidizing gases (14) . In lower resolution measurements, we resolved the movements of individual crystallographic steps and the correlated development of PbO grains. For atomistic details on the structures of these PbO grains, we subsequently imaged the grains with atomic resolution at room temperature (15) .
We briefly review the structural features of these truncated Pb crystallites. The uppermost part of a Pb crystallite (Fig. 1A) is capped with a (111) facet that is atomically smooth and has a characteristic diameter of about one-half that of the crystallite. The "noisiness" of the monatomic steps that descend to join the (111) and (100) side facets is caused by fluctuations in the step positions (16) . The relatively small kink formation energy of 40 meV (10) leads to substantial edge-atom motion at the 380 K temperature of measurement.
After prolonged O 2 exposures under UHV conditions [5000 Langmuirs (L) of O 2 , or 1 ϫ 10 Ϫ6 torr for 5000 s] at 370 K, Pb crystallites undergo massive structural transformation (Fig. 1B) . Although the Pb mass is conserved overall, the crystallites develop sharp edges. The curved facet boundary of the Pb crystallite, in particular, yields to oxide-stabilized orientations (see the comparison in Fig. 1C ). On the oxidized surface, steps assume the extremely straight (stiff ) structures characteristic of an oxide crystal. Remarkably, this gross transformation is accomplished by an oxide layer that is only ϳ0.5 nm thick. The crystallite can be remelted to remove the oxide layer and restore the Pb crystallite to its neat rounded shape.
These ultrathin oxide-coated crystallites are the results of the billions of surface chemical events. In order to identify these molecularlevel processes, we decreased the O 2 pressure to 1 ϫ 10 Ϫ7 torr and limited the exposures to capture the initial stages of this transformation with time-lapsed STM imaging. We determined that impurities play a key role under practical oxidation conditions.
We first examined the oxidation of ultrapure Pb crystallites. Because of the impracticality of imaging the entire crystallite with high resolution, we identify impurityfree surfaces as (i) those which exhibit no impurities when random patches of the surface are imaged with atomic resolution and (ii) those with freely fluctuating step configurations that are completely undistorted
